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ABSTRACT

Motivation to expand the understanding of a helicopter
rotor descending into the vortex ring state (VRS) stens
fromthe aircraft m shaps that have plagued the helicopter
community. The V-22 has becone the nobst recent victim of
encounters with VRS

The onset of VRS is associated with the collapse of
the helical vortex wake in the plane of the rotor. The
resulting wake disturbances develop an irregular and
aperiodic flow. Rotor blade interaction with the disturbed
vortices causes large variations in the blade spanw se
aerodynamic load distribution. Harnonic analysis of the
| oading indicates that higher harnonic content becones

prevalent in this state.

The dynamic flow simlarities achieved in a water
tunnel are used to explore flow visualization and conduct
vi bration analysis of a rotor system operating in the VRS
A scaled rotor system was operated in the NPS Aeronautica
Engi neering Departnment’s water tunnel. Sensors were used to
gather thrust and vibration power spectrum data when
operating in VRS. Experinental results correlate with ful
scale flight data and show a significant increase in the
vibration levels of the even nultiples of the bl ade passage
frequency. The relative strength of these higher harnonics
can be used as an indicator of inpending VRS encounters.
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. 1 NTRODUCTI ON

A MOT1 VATI ON FOR RESEARCH

The need for i ncreased under st andi ng of t he
aerodynamc effects of the vortex ring state (VRS) has
becone an issue of great inportance, since the mshap
involving the tilt rotor V-22 Osprey and the primary causal
factor determned as asymetrical vortex ring state. |In
fact, thirty-four docunmented helicopter incidents involving
encounters wth the wvortex ring state (VRS) occurred
bet ween 1982 and 2003. [Varnes, 1999]

To expand the understanding of this flow phenonenon,
the devel opnent of a hydrodynamc facility to explore the
flow field of a rotor system operating in the vortex ring
state was undertaken. An experinent was conducted in the
Naval Post gr aduat e School Aer onaut i cal Engi neeri ng
Depart ment wat er t unnel , taking advantage  of flow
simlarity factors, which permtted reduced operating
velocity. The limted research conducted using a water
tunnel also notivated studying this flow phenonena in a new
medium This thesis denonstrates that VRS boundary limts
can be mapped and relevant vibration analysis can be
performed on rotor systems operating in a water tunnel.

B. HELI COPTER ROTOR FLOW STATES

A rotor in vertical flight is typically described as
being in one of three flow states. These are: (1) propeller
working state; (2) vortex ring state; and (3) wndmll
brake state.

1. Propell er Working State

The propeller working state is termnology used to

indicate vertical clinb conditions, Figure 1. Airflow is
1



through the rotor in the opposite direction of thrust.
During the propeller working state the trailing tip
vortices are downstream of the path of each subsequent
passing rotor bl ade. The |imting condition of the

propel l er working state is the hover. [Stewart, 1951]

Hover Climb Low Rate Vortex Ring Windmill Brake
of Descent

I L
7

|

v,
Vo L

e b e — Qlc

Z Wind Tunnei
Fan Ve

Figure 1. Hel i copter Flow States. [From Prouty,
1986]

2. Vortex Ring State

The blade tip vortices, which normally cause m nor
losses in rotor efficiency, can be drastically enlarged
when the aircraft begins to descend into its own downwash,
Figure 1. Blades begin to recirculate the downwash quickly
back above the rotor disk, only to be recirculated back
down again. The airflow through the rotor plane does not
have a regular slipstream but flow is thrust out radially
and recirculated. The rotor blades can eventually begin to
stall as the angle of attack is increased due to the upward



airflow Prior to blade stall, the recirculated air can
al nrost be considered a closed system Blade tip vortices
from the rotor disk becone trapped in this recirulation
ring shape enclosing the outer rim of the rotor disk. If
addi tional blade pitch angle is added, corresponding to an
increase in collective, the rotor only recirculates the

cl osed system bl ade wash at an increasing rate.

Theoretically, the vortex ring state begins at rates
of descent just below hover and transitions into the
windm || brake state. From a practical standpoint, extrene
flow variations do not start until the rate of descent is
about half the hover induced velocity. Hover induced
velocity is that downwash velocity which occurs when rotor
thrust equals the gross weight of the aircraft.

A well defined slipstream ceases to exist as an
aircraft begins to descend. The region from descent to the
windm || brake state can be referred to as the vortex ring
state. A nore commonly accepted val ue at which onset of the
vortex ring state occurs is when the rate of descent equals
0.7 tinmes the induced velocity at hover.



Figure 2. Recirulation During Flight in the VRS.
[From Drees and Hendal Film 1951]

The vortex ring state has been of concern to the
designers of helicopters since the 1950's. This phenonenon
was first recognized by Ceorge de Bothezat in 1922. Early
studies to verify the existence and its effects yielded

results that are consistent with today's dat a.

Rotor operations in the vortex ring state will cause
sone of the nost violent aircraft vibrations of any flight
regime. Flight conditions are characterized by high rates
of descent, extrene vibrations, and tenporary |oss of
control. Flight profiles where the vortex ring state is
typically encountered include steep approaches, approaches

with a tail wnd, or conditions where engine power is
4



limted. The vortex ring state can also be encountered
during aggressive maneuvering flight where flow velocities

are normal to the rotor disk plane.

Among different aviation comunities the term vortex
ring state can be referred to by several different
nmeani ngs. In Naval Aviation, the vortex ring state is
referred to as “power settling.” Thi s phenonmenon shoul d
not be confused with the flight profile “settling wth
power,” which often refers to situations where power
requi red exceeds power available. However, this condition
can evolve into encounters with the vortex ring state. Wen
used in this thesis, the term power settling refers to the
vortex ring state.

3. The Wndm || Brake State - Autorotation

As the rate of descent is increased, the flow up
t hrough the rotor increases. Wen the value of this flow up
through the rotor reaches a value twice that of the hover
i nduced velocity, the rotor is considered to be in the
windm |l brake state. The rotor is now extracting energy
from the high velocity slipstream The rotor disk can be
t hought of as an effective parachute, Figure 1. In fact,
Gessow and Myers [Gessow, 1952] show that the lift force
generated by a rotor in autorotation is equivalent to that

produced by a parachute of the sane dianmeter as the rotor.
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I'1. ANALYTI CAL AND EXPERI MENTAL MODELS OF THE
VORTEX RI NG STATE

A FUNDAMENTAL MOVENTUM THEORY

Monentum theory and blade elenment theory are used to
anal yze rotor performance in a hover, clinb and descent.
Momentum theory applies the basic conservation |aws of
mass, nonentum and energy. Blade elenent theory predicts
the actual forces acting on an elenent of the rotor blade
as a result of its nmotion through the air. Figure 3
di spl ays the basic steady flow paraneters and the funneling
effect.

o]l

Fi gure 3. Flow Field Condition. [From Prouty, 1986]




The rotor is nodeled as an actuator disk with zero

thickness that supports a pressure differential and

accelerates air. The velocity V, is located at the rotor

plane and V, is at a point below the rotor, as in Figure 3.

Mass flow through the rotor systemis given as:

m=r AV,

Were r is the density of air (associated constant) and A

is the area swept out by the rotors. The thrust T produced

by a rotor systemis a product of the nass flow rh, and the

change of velocity of the air mass DV.

T =mDV
Assumi ng the air far above the rotor v, has no velocity, DV

is sinmply V,. Then rotor thrust is given as:

T=mV,=r AV,

Kinetic energy, KE, is inparted as the air mass passes
t hrough the rotor.

EnergyRate = Force(T) ~ Velocity(V1)

The change in kinetic energy is the rate energy is
inparted to the downstream wake. The change in kinetic
energy across the entire system is sinply the kinetic
energy at region 2. The rate at which energy is inparted to
the flow stream by the rotor nust equal the rate at which
kinetic energy is generated in the wake.



dKE, 1

e = =MV
[ dt ]wake 2 2

Setting the two equations equal:
. _ 1 . 2
rn.LVlVZ _Emzvz

Considering a closed system the mass flows are equal,

due to continuity. Leaving the follow ng expression:
V, =2V,

Substituting this back into the thrust equation

reveals the foll owi ng equation for hover induced velocity:

Vh: L
2r A

This equation has been derived assuming a uniform
flow field cross section. Rotational energy induced by
torque from the rotor is neglected. The purpose of blade
twst is to produce a nore uniform flow field across the
rotor disk. Anything other than uniform flow through the
rotor plane increases the kinetic energy for the sane
nmonment um val ue and is |less efficient.

1. Vortex Ring State

Monentum theory remains valid until the flow field
begins to breakdown and becone unsteady, as in VRS. This
can occur at a noderate rate of descent, 500-700 feet per
mnute. The flow in the recircul ated wake becones difficult
to analyze. Wen the rate of descent reaches the hover
i nduced velocity there is analytically no mass flow through
the rotor. Because of this fact, enpirical data from
instrunmented rotor systens is used to obtain perfornance
results. Monmentumtheory no longer is valid during

9



operation in the vortex ring state because of the anbiguity
in defining a control volune where the governing equations
can be appli ed.

2. Aut orot ati on

Aut orotation is considered to occur at the boundary of
the vortex ring state. That is, ideal autorotation occurs
when the rate of descent equals twice the hover induced
velocity. During power-off descent the source of power
rotating the rotorhead is the air flowing upward. The lift
vector of the blade element is equal to the drag conponent.
Usi ng bl ade elenent and nonmentum theory, an approximation
for rate of descent during an autorotation is V,»2V,].

3. Wndm || Brake State

At very large rates of descent the rotor is extracting
power from the air flowing upwards through the rotor
Monentum theory can be applied to determine rotor
per formance when operating in the windm ||l brake state with
a clearly formed slipstream
B. WOLKOVI TCH

Dr. Julian Wl kovitch published a paper in the Journa
of the Anmerican Helicopter Society in 1972 entitled
“Anal ytical Prediction of Vortex R ng State Boundaries for
Helicopters in Steep Descents.” He used nonentum theory,
supported by enpirical data, to predict the upper and | ower
boundaries of the vortex ring state.

The vortex that forns around the circunference of the
rotor disk during a vertical descent was used to calcul ate
an average value for the velocity located at the core of
the vortex. Wl kovitch defined the upper boundary of the
vortex ring state when this resulting velocity, acting at

the core, equaled zero. Wen the vortex core has no
10



nmovenent away from the rotor plane, unsteady flow wll

occur. This was calculated to be the critical descent

velocity (V,,) at which the vortex ring state occurred.

The critical descent velocity was also greatly
dependent upon rotor blade tip loss that occurred due to
non-uniform |ift distribution across the bl ade. Lift
rapi dly decreases across the span near the tip of the bl ade
during encounters with the vortex ring state. This results
in a corresponding |oss of induced flow through the rotor

and decreases the effective radius of the rotor system

To substanti ate hi s results, Wl kovi tch used
experinmental data showing thrust fluctuations indicating
unsteady flow when operating in the vortex ring state. H's
results showed signi ficant t hr ust fluctuations at
approximately V,, =07/,. He reported nean-to-peak thrust
fluctuations of 14 percent of the nean thrust, as shown in

Figure 4.

11
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Fi gure 4. Measured Thrust Fluctuations During a
Vertical Descent. [From Wl kovitch, 1972]

The windm || brake state occurs when the descent rate
is increased to a point where the steady flow reappears.
This defines the |ower boundary of the vortex ring state
The entire rotor wake now exists above the rotor plane.
Wbl kovitch suggest that the |ower boundary is not as wel
defined as the upper and therefore uses an enpirical factor
to account for the contraction of the wake above the rotor

during descent.

Wbl kovitch conpares his cal cul ated boundaries to that
obtained from flow visualization, Figure 5. It is apparent
that the wupper and |ower boundaries do not nerge as
airspeed is increased, inplying that vortex ring state can

be encountered at high airspeeds.

12
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Vi sual i zati on Boundaries. [From Wl kovitch,
1972]

C. PETERS AND CHEN
Drs. David Peters and Shyi-Yaung Chen published a

paper in the Journal of the Anmerican Helicopter Society in
1982 following up on Wl kovitch’s work but using a nore
consi stent wake nodel. [Peters, 1982] They refer to the
hover condition when the rotor’s induced flow is inparting

energy in to the flow field and the windm ||l brake state as

extracting energy.

They took into consideration the horizontal conponent
of velocity generated by forward flight. They derived an
equation that relates the nornmalized rate of descent h,

hori zontal velocity m, and hover induced flow V,.

13



h=V,+ |[—- nf, vm£l

Peters and Chen conclude that during high values of
inplane flow, the vortex ring state does not occur.
[ Peters, 1982] They conclude that there is a vortex ring
state boundary at a determned forward airspeed specified

by a maxi mum normalized i nplane horizontal velocity.

From actual flight data there is clearly a maxi mum
i nplane velocity for which the vortex ring state
di ssi pat es. Increasing forward airspeed is a typica
recovery technique fromthe vortex ring state. The unsteady
air fornmed around the rotor tips is swept aft and above the
aircraft. Wth consideration of inplane velocity, the
subsequent equations give rise to a nore defined boundary

for the vortex ring state, Figure 6.

14
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Fi gure 6. Peters and Chen VRS Boundary. [From
Peters, 1982]

Peters and Chen showed that there is a boundary for
the vortex ring state at a nornmalized inplane forward
velocity and proved the general boundary was |arger than
predicted by Wlkovitch. They also determned that the
center, not the edge of the region is |ocated at normalized
rate of descent of 0.707.

D. GAO AND XI N

Gao and Xin published a paper in the First Russian
Hel i copter Society Annual Forum Proceedings in 1994
entitled “An Experinental Investigation into the Vortex

Ri ng State Boundary.”
15



Goa and Xin's primary concern was to elimnate the
conmon wi nd t unnel limtations, i nterference fl ow
interaction at the tunnel walls causing boundary |ayer
interference, and the poor |ow speed characterists of wnd
tunnels. The disturbed air surrounding the rotor during the
vortex ring state can extend out a distance of several
rotor dianeters. Therefore, the interaction with the tunnel

wal | s can be substanti al .

They used a whirling beam device capable of neasuring
torque and thrust wth a strain gauge. Qutput from the
strain gauge was anplified and sanpled. They tested three
different airfoils with varying tw st and chord.

Gao and Xin wused a semenperical approach and
momentum theory to determ ne new boundaries of the vortex
ring state. They experinentally determined that the
boundary occurs when the free stream velocity reaches a

critical value of 0.28V,. Descent velocities 0.6 to 0.8
tinmes the hover I nduced velocity (06V,<V<08V,) S

identified to be the region of nbst sever encounters wth
VRS. Data indicated drastic fluctuations in torque and

thrust during operation in the VRS region, Figures 7 and 8.

16
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Fi gure 8. Thrust Fluctuations During Verti cal
Descent. [From Gao And Xin, 1994]
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A significant discovery was the correlation of nmean
torque to descent rate; they called this the power settling
phenonenon. The “bucket” torque setting can easily be seen
in Figure 9 at a descent rate of V=0.28V,,. Beyond this
point it requires an increase in nean torque to descend at
a faster rate. Above V=0.8V,,, Gao and Xin predict the
increase is due to local blade stall. Although, above
descent rates greater than V=0.8n,,, the torque fluctuations
decrease as the rotor system transitions into the w ndmll
brake state. They found that the |owest descent rate where
the vortex ring state can be encounter is V=0.28n,,,.

Therefore, this value is defined as the critical descent

velocity, Vit=0.28V,
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Fi gure 9. Mean Torque During a Vertical Descent.
[From Gao And Xin, 1994]
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Gao and Xin determned for their rotor system that
the vortex ring state is encountered only for steep

approaches of greater than 70 degrees.

Al three nodels are displayed in Figure 10.

4 Gao and Xin Boundary
B Peters And Chen Boundary
Wolkovitch Lower Boundary
Wolkovtich Upper Boundary
X Flow Visualization
= Poly. (Wolkovtich Upper Boundary)
=——Poly. (Wolkovitch Lower Boundary)

Nondimensional Rate Of Descent

*

[ ]

3 al
L XS [
(adl

-25

Non Dimensional Horizontal Velocity

Fi gure 10. Superposition of Vortex Ring State
Boundari es and Fl ow Vi sualization. [From
Var nes, 1999]

E. ENG NEERI NG MODEL

Several recent analytical nodels for predicting the
flight boundary of the wvortex ring state have been
devel oped. An engineering nodel was devel oped based on
defining VRS developnent in ternms of the rate of growth of
the disturbances relative to the rate at which disturbances

are covected downstream [Newran, 2001]. The growh of
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di sturbances in the flow field is proportional to the wake
vorticity. The shed vortices are a direct result of rotor
thrust. The engineering nodel uses conventional actuator
disk theory to identify a rate of transport of the wake
instabilities into the downstream flow field. The
foundation of the theory is based on classical nonentum
t heory. [ Newman, 2001]
F. WAKE STABI LI TY THECRY

Using a linear analysis of the rate of growmh of
perturbations introduced into the wake structure can help
identify the process of degeneration. The wake stability
theory assunmes an inconpressible, irrotational fluid wth
enbedded vorticity which wll be transferred to the
surrounding fluid. The stability of the rotor wake is
dependent on both rotor geonetry and the operating state.
Wth this nethod, predicting what happens after the rotor
wake has becone unstable is not possible. Nunerical nethods
must be wused to reveal the non-linear formation of the
unst abl e wake. [Brown, 2002]
G VORTI CI TY TRANSPORT MODEL (VTM

The vorticity Transport Mddel (VTM devel oped by Brown
uses a direct nunerical conputational solution to predict
the developnment of the rotor wake vorticity. Using the
Navi er - St okes Equation, assumng inconpressibility and the
[imt of vanishing viscosity, shows rotor wake vorticity is
related directly to aerodynamc |oads on the blades. The
Bi ot-Savart relationship is used to relate the velocity at
any point near the rotor to the vorticity distribution.
Aerodynam c loading on the airfoil is determned from the
geonetry and strength of the rotor wake. WMbderate thrust

fluctuations at |ow descent rates quickly increase as the
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descent rate approaches 0.5 tinmes the hover induced flow
[ Brown, 2000] The nodel can represent blade-to-wake, and
wake-to-wake interactions that lead to growh and rupture
of the vertical wake pattern. [Brown, 2002]
H. FREE VORTEX MODEL (FVM

The FVM is a conputational nethod wth inproved
conputational efficiency, conpared to VIM Although, there
is a loss of resolution when wusing FYM A Lagranian
description of flow is used to pattern the FYM Discrete
line vortices represent structure of the rotor wake
vorticity. For straight line segnentation of the vorticity
being shed and trailed from the blades the approach is
spatially second or der accur at e. [ Br own, 2002]
Unfortunately, conputational nodel descriptions of highly
unstabl e, nonlinear, time dependent flow in the vortex ring
state are susceptible to small perturbations and can result

in rapid divergence of FVM and VTIM predictions.
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I'11. EXPERI MENTAL APPARATUS

The anal ytical and experinental research presented has
provi ded extensive understanding and further defined the
boundaries of the VRS. Although published research of
studies conducted in a water tunnel is very limted. It is
believed that vibrational analysis of a rotor operating in
VRS deserves additional investigation. In the effort of
contributing to this field of research a small scale rotor
was constructed to operate in a water tunnel. The apparent
| ack of vibrational analysis of the rotor operating in VRS
has notivated this thesis.

A WATER TUNNEL

A flow visualization water tunnel manufactured by
Eidetics International was used to conduct our experinent,
Figure 11. The tunnel has a 15 inch by 15 inch flow area
and can produce snooth flow at speeds up to 16 inches per

second.
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Figure 11. Fl ow Vi sual i zati on Water Tunnel wth
Scal ed Rotor Install ed.

The advantage in wusing a water tunnel for this
research is the ability to reduce the flow velocities
conpared to full scale nodels operating in air. The
simlarity of flow dynam cs between water and air enable
this advantage; the streanline patterns are geonetrically
simlar and the force coefficients are the sane.
Di stributions of paraneters such as V/V, are the sanme when
pl otted agai nst conmon nondi mensi onal coordi nates. The fl ow
over geonetrically simlar bodies at the same Mich and
Reynol ds nunbers are dynamically simlar, therefore the
lift, drag, and nonent coefficients are identical.
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Di sregarding the scaling of rotor chord length, c,
conpari son of Reynolds nunbers associated with water and
air reveals the source of the flow velocity advantage.
Reynol ds nunber calculations indicate a reduction of

velocity by a factor of 15. r is density and m is the

dynam c vi scosity.

_rvc
R= m

rv rv
(—wate = v
m m

r
Vwater = (gwater (_)ajrvair
r m

1

Vwater:_vair
15
Rotor tip speeds of a full scale helicopter are

approximately 600 ft/sec. The chord length can range from
six to eighteen inches. Therefore, Reynolds nunbers of a
full scale rotor blade operating in air are on the order of
10°.

The chord length of the scaled nodel blade used in the
present experinent is one inch. A blade tip speed of 14
ft/sec was chosen. This results in a Reynolds nunber in
water on the order of 10° <close to that of a full scale
blade. In addition, the corresponding rotational speed
provi ded excellent flow visualization.

B. SCALED ROTOR SYSTEM MODEL

A scaled nodel rotor system was constructed using the
tail rotor system of a Hawk |V radio controlled hobby
helicopter, Figure 12. The rotor diameter is nine inches
and corresponding rotor area is 0.44 ft2 A variable RPM
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Bodi ne electric notor provided 1/8 horsepower to rotate the
two symetric blades at the desired speed of 360 RPM The
blade pitch angle was set at ten degrees of pitch and
tunnel flow velocity was varied from one to nine in per
second.

Smal | conpressed air bubbles were injected into the
flow field at the edges of the rotor plane. The air
di scharge nozzle was crinped to produce as snall bubbles as
possi bl e. The viscosity force acting to hold the bubbles in
solution countered the buoyancy force and hel ped keep the
air bubbles from being forced to the surface. Two air
outlet probes were placed at points wth very close
cl earance to the rotating blades. Each passing bl ade picked
up the injected air and forned a flow field of small
bubbl es.

To
amplifier

A
Load c‘}

Wheatsone Bridge

Figure 12. Rot or System Devi ce.
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C. DATA ACQUI SI TI ON

For static neasurenments a Weatstone bridge strain
gauge load cell was connected to a neter, and provide a
vi sual output display of the thrust |oad. The load cell was
attached as shown in Fi gure 12. Calibration was
acconplished wth static weights prior to each experinment.

The sane Wieatstone bridge strain gauge was used to
measure dynamc forces on the rotor system The |oad cell
signal was feed to an Ectron nodel 563H anplifier. 5 Vdc
excitation voltage was provided by the anplifier to the
Weat stone bridge. A Hewl ett Packard 35665A Dynam c Signal
Anal yzer was then used to conpute power spectra from the
thrust data, Figure 13. Al data were low pass filtered at
bandwi dth 64 Hz and sanpled at 128 sanples per second for 2
seconds. Four tine records were (rnms) averaged with 0%
overlap. The display was 0 to 50 Hz wth a frequency
resolution of 0.5 Hz. A Hanning w ndow was used. The
Nyqui st criteria was met by sanpling nore than twi ce as
fast as the highest frequency conponent displayed on the

anal yzer.
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Figure 13. Ectron 563H Anplifier and Hew ett Packard
35665A Dynami c Signal Analyzer.

28



| V. EXPERI MENTAL RESULTS

A key factor in accurately predicting the aerodynanic
behavior of a rotor systemis an inproved understandi ng of
the wake distribution generated by the rotor system The
understanding and eventual prediction of wake dynamcs
during descending flight is key to inproved understandi ng
of the phenonenon of the vortex ring state.

A HOVERI NG CONDI Tl ONS

A helical vortex wake can be seen form ng downstream
of the rotor blades in Figure 14. The rotor system is
producing thrust to the right and can be visualized as a
helicopter in flight by rotating the imge 90 degrees
countercl ockwi se. |Images were captured using a digita
still camera with a fast shutter speed setting of 1/320
sec. Wien the flow in the tunnel is turned off, the flow
vi sual i zati on section beconmes a closed system with no area
for rotor wash to dissipate. This made sinmulating hover
conditions inpossible wthout a slight flow velocity
established in the tunnel. Wen a slight tunnel flow
velocity of three inches per second was turned on, the
rotor wash was able to displace naturally. The rotor device
was installed during this test so the flow was from above
if the rotor device was viewed as a hovering aircraft (from
the right of the rotor in the photos). This can be thought

of as a clinb profile.
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Figure 14. Helical Vortex Wake in a Cinb. Note Wake
Contraction.

1. Monment um Theory Val i dates Observati on

In Figure 14 the rotor was operated at 360 RPM (6 Hz)
with blade pitch set at ten degrees. In addition to the
rotor producing thrust, and shedding the helical wake
downstream an additional water tunnel flow rate exist from

right to left in the photo. The velocity, V,., in the wake

at a position approximately one inch downstream of the
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r ot or was obt ai ned from t he phot ogr aph by
wake Dt_(117 , Wwhere Dx is the nmeasured distance

from the bubbles entrained in the core of a helical vortex
at a position corresponding to one cycle elapsed and Dt is
the time for one cycle of rotation. This velocity equals
the sum of the clinb induced velocity through the rotor,
V.

ic?

and the water tunnel flow velocity, V,=3in/sec.

The tunnel flow enabled the rotor wash to be convected
downstream and to establish a well-defined flow field such
as shown in Figure 1, and for which nonmentum theory

applies. The tunnel flow velocity of 3 in/sec can be

t hought of as a rate of clinb, V..

A load cell thrust nmeasurement (T) during this

observation was recorded as 0.5 |Ib. A hover induced

velocity (V,) is calculated for this specific thrust val ue:

Vh: L
2r A

_ 0.5lb
JZGBSQWﬁ 4.5in

ft3 )P (ﬁ)2

=6.5in/sec

Usi ng nomentum theory the follow ng equation gives the
i nduced velocity for this clinb condition. [Prouty, 1986]
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Vel aéLQV

2 82@

3|n/sec) aé3|n/seco+(65m/%c)
2 & 2 5

=5.0in/sec

=-

The velocity through the rotor is, then V, +V, =8in/sec.

IC

Conservation of mass between the rotor and the wake

downstream requires A, (V.*V.)=A.V.ae- Taking A, =044ft

and (Vic+Vh):8in/sec:§ft/s the left hand side is calculated

to be approximtely 0.29 ft3 sec.

The dianeter of the wake where the velocity was

estimated is estimted to be approximately 7.5 - 8.0

inches. This results in an estimted wake area A, =0.33ft>.

Wth the estimated value of V. =12in/sec, The right hand

side of the nmss conservation equation is estimted to be
approximately 0.33 ft3 sec, a difference of only 10% from
the left hand side. This should be considered a remarkable
agreenent, and shows that nonmentum theory can be used to
adequately describe the gross features of the flow in this

experi nment.

Momentum theory predicts a rapid wake contraction
downstream of the rotor, which is clearly apparent in
Figure 14. Theory further predicts that the area of the
wake very far downstream of the rotor should be Y the rotor
swept area. From neasurenents taken off the photograph of

Figure 14, we observe that, at a position two inches
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downstream of the rotor, the dianeter of the wake is
approximately seven inches, and the wake area relative to

the rotor swept area is already %g¥4205
B. VORTEX RI NG STATE

Thr oughout the experinent the rotor was operated at a
constant 360 RPM with a blade pitch angle of ten degrees.
Wth these paraneters, the hover induced velocity was
estimated by visually observing when the helical vortex
wakes collapse in the plane of the rotor. The water tunnel

flow velocity was increased until this occurred, Figure 15.

Fi gure 15. Col | apsi ng Vortices, Inpending VRS with
Flow Rate at 4.5 In/ Sec.
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The average thrust neasurenent when the vortex wake
col | apsed was recorded as 0.7 |Ibs. A corresponding velocity
is calculated which can be considered as a hover induced
velocity with a thrust measurenent of 0.7 |bs.

Vh:\/ T = I Sluos7lb :45£
ar A \/2(1.95 ﬁg ) (0.375ft)2 €

The collapsing of the helical vortex wake structure
into the plane of the rotor indicates the onset of the
vortex ring state. Recirulation of the rotor wake began at
this point, Figure 16. The test also showed sone water
tunnel “wall effects” due to constraints of the small flow

section of the water tunnel.

Figure 16. VRS Recirul ation Take at Sl ow Shutter
Speed.
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C. TRANSI TI ON TO AUTOROTATI ON

As the flow velocity of the tunnel was increased
beyond 4.5 in/sec the vortices reformed on the opposite
side of the rotor, the upstream side. There was a clear
transition from VRS into autorotation. A helical vortex
wake flow pattern, simlar to that seen in a hover,
reformed on the opposite side (upstrean) of the rotor
system This would conpare to the wake formng above a
helicopter during an autorotation. A clear transition from
hover through VRS and then into autorotation was achieved
by gradually increasing the water flow velocity in the
t unnel
D. VI BRATI ON ANALYSI S

In flight, the primary indicator of the vortex ring
state in flight is the associated increase in airfrane
vibration levels. Erratic thrust fluctuations and irregular
bl ade flapping cause the increased airframe vibrations.
Once fully operating in the vortex ring state the vibration
levels are the nost severe encountered in any flight
regi ne.

A paper published by John E. Yeates in 1958 at NASA
Langley explored the vibrational effects and subsequent
rotor blade stresses produced during operation in the
vortex ring state. A tandem rotor aircraft, wth three
bl ades on each rotor, was wused in the testing. Sensors
attached on the front and rear masts neasured vertical
vi brations. 95% of the vibratory response was reported at
three tinmes the operating frequency (3P). Al t hough,
instrunmentation was not onboard to record individua
harnoni cs during operation in the vortex ring state. [Ref.
Yeat es, 1958]
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The vortex ring state can be viewed as a form of wake
instability. In a descent, the random aerodynanic
excitation builds up. As the instabilities reach the rotor
pl ane they begin to effect the aerodynam c section | oading
across each airfoil. QOperation in this adverse condition of
VRS does not allow the downwash to convect away from the
rotor. Instead, the vortex wake accumul ates in the plane of
the rotor. As blade vortex interaction repeatedly occurs
due to unsteady blade air loads, the result is increased
airframe vibrations.

1. Experimental Vibration Results

It was found that the increase in anplitude of higher
harnonic frequency variations of thrust were a good
i ndi cator  of i npending vortex ring state. In this
experinment the rotor operating speed was 6 Hz (1P), on a
two-bl aded rotor system As the vortex ring state was
encount er ed, hi gher har noni cs  of the blade passage
frequency began to increase in anplitude. The content of
the thrust frequency input at higher than n/rev (where n
equals the nunber of rotor blades) is found to be a
significant feature to the vibration spectrum associ ated
with operation in the vortex ring state. “One per rev” (1P)
content of thrust variation is primarily driven by cyclic
pitch and resultant blade flapping. It was found to be
relatively invariant to inpending VRS and therefore is not
a good i ndicator.

In preparation for data collection, a vibration shaker
test was conducted on the rotor device to determne its
natural frequencies. Results of the shaker test indicated
that natural resonant frequencies appeared to be above the
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test bandwidth of 50 Hz. Although this test was not
conducted in the water, it is believed that conditions when

in the water would tend to danpen natural resonances.

The experinent was conducted while operating the rotor
at a constant 6 Hz rotational rate. The flow in the tunne
was gradually increased to 4.5 inches per second, where the
helical vortex wake collapsed into the plane of the rotor.
Continual operation in this state was possible. The
visually recirculating flow field was a clear indication of
operation in the vortex ring state.

Thrust data recorded during VRS, presented in the
frequency donmain, clearly indicates the increase in
strength of higher harnonics. The blade passage frequency
is defined as n tines the operating frequency, P, where n
is the nunber of blades, i.e., 2P (12 Hz) in the case of a
two bladed rotor. The even nultiples of the blade passage
frequency, 4P (24 Hz) and 6P (36 Hz), are shown to increase
during VRS, Figure 17. This response is expected as bl ade
vortex interaction increases, causing increased variations

in the section aerodynam c | oadi ng.
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Note that significant hub vibration response only
occurs for frequencies in the wvicinity of the rotor
rotation frequency (1P) and at even mnmultiples of the bl ade
passage frequency (2P). This is expected behavior. Rotating
bl ades produce a vertical force at the root of the blade
which results in a vertical excitation of the hub. 1P (one
times rotation frequency) is primarily driven by cyclic
pitch or can be a result of out of balance blades, nost
likely the cause in our data. Assumng all blades see the
sane |oading at the sane azinuth, only even multiples of nP
frequency will be transmtted through to the fixed system
the fuselage, or hub attached to the support structure in
our case. [Prouty, 1986]

Vibrations of the airframe at even nultiples of n/rev
are a result of (n-1), n and (n+l)/rev loads in the rotor
system which are filtered through the rotor as n/rev. (n)
is the nunber of blades on the rotor. Harnonics of the
airfoil loading cause this response. This corresponds to
2P, 4P, and 6P present in the fuselage of a two bl ade
rotor. For exanple, the 4P frequency in the fuselage, or
hub, is a result of 3P, 4P and 5P loads in the rotor

syst em

The splitting in the peaks in the hub vibration power
spectra (Figure 17) is not expected, and the cause is not

understood. It appears to be of the form of an anplitude
nodul ati on  cos(w,,,t) cos(wt) = %[cos(w +W,  t+cosw-w, )t]. This is

indicative of a primary frequency, w, operating in
conjunction with an additional nodulation frequency, w

mod ?

superinposed. Therefore, in quantitatively reporting the
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results of the power spectrum analysis, Table 1, the
anplitudes of the split peaks were conbined as the square
root of the sum of the squares. Peak values at 2P, 4P, and
6P are reported, and the higher harnonics (4P, 6P) are

conpared to val ues at 2P

Hover VRS Aut orot ation
2P(aver aged) 0. 36 0. 38 0. 35
4P(aver aged) 0. 26 0. 33 0.14
6P(aver aged) 0. 28 0. 46 0.17
4P/ 2P 0.72 0. 87 0.40
6P/ 2P 0.78 1.21 0.49
Table 1. Maxi mum Anpl i tudes and Conpari son of Hi gher

Har noni ¢ Magni tudes of Harnonics Listed in Figure 17.

The data coll ected during hover condition are believed
to be affected by the confines of the water tunnel. The
i nadequate dissipation of the rotor wash nmay have created
greater blade vorticity interaction and sone increase in
hi gher harnmonic vibration levels than would free field
conditions. Even so, considering this result, the 4P and 6P

harnoni ¢ are clearly higher during VRS

The flow velocity was increased to nine inches per
second to achieve wndmll brake flow conditions. The
helical vortex wake flow pattern refornmed on the opposite
side of the rotor system C ear snooth flow patterns were
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observed at this flow velocity of approximtely two tines
hover induced, 2. The higher harnonics at 4P and 6P

decreased in anplitude.

It should be noted that the flight profile of a full
scale helicopter does not correlate exactly wth this
experinment. Autorotation in a full scale helicopter is
initiated by sharply reducing the blade pitch angle
(collective). In our experinment the operating RPM and bl ade
pitch remain constant. As the tunnel flow velocity is
increased, this increases the angle of attack and thrust
| oading. Data recorded during an actual autorotation would
be associated with a nuch |lower thrust |oading than our
correspondi ng data. Ther ef or e, the amount of  higher
harnonics observed in the present experi ment under
autorotation conditions is probably relatively greater than
woul d be observed wunder full scale flight conditions,

conpared to the VRS state.

Corresponding increase in higher harnonics during VRS
woul d further increase if operated under full scale flight

condi ti on.

To correl ate t hese nodel t est results, an
investigation was carried out with respect to full scale
data collected by NASA in 1964. [Scheiman, 1964] Under the
direction of James Scheiman, an extensive anmount of in
flight data were collected on a fully instrumented H 34
helicopter. These are the only full scale data ever taken
where a significant nunber of VRS conditions were recorded.
An analysis of the H 34 NASA data revealed simlar results
as recorded in the water tunnel experinent and are

di scussed in a |l ater section.
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2. Karman Vortex Street Effect

The Karman vortex street effect is here in considered,
to determine its potential effect on the vibration data
collected. The Karman vortex street is a regular array of
vortices of alternating vorticity, convected downstream of
a blunt obstacle, Figure 18. A Karman vortex street forned
around the long drive shaft and transmtted transverse
vibrations into the apparatus. Although the wvibration
anplitude from the Karman vortex street was assuned to be

m ni mal, an anal ysis was conduct ed.

P A (R o6
2 \N® & & @«

S

“ _\__./'

Fi gure 18. Karman Vortex Street Around a Circul ar
Cylinder. [From Van Dyke, 1982]

The Reynol ds nunber associated with the drive shaft at
a tank flow speed (V) of 4.5 in/sec is calculated. (c) is
the dianmeter of the cowing around the drive shaft.
Ib in ,
Crve (0.036F)(4.5§)(0.75|n)
- B Ib

m 55.89x10 °
IN- Sec

R = 2174

Wth R, =2174, turbul ence devel ops soon after boundary
| ayer separation, but the boundary layer is still |am nar
around the cylindrical shaft. Strouhal nunber is used to
calculate the frequency ( f) of turbulence departing the
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vertical drive shaft, for a Reynolds nunber of 2174 the
value of the Strouhal nunber is about 0.2. The dianeter of
the shaft (d) is 0.75 inches and (V) is the free stream

flow vel ocity.

fd
=—»0.2
S v »

_ For 102 < R. < 10’
. (4.5in/sec)0.2

0.75n

»1.2 Hz

The frequency of induced vibrations due to formation
and detachnment of vortices is expected to be approximtely
1.2 Hz.

Transverse shaft oscillations induced by the regular
sheddi ng of vortices was considered as a potential cause of
anpl i tude nodul ation of the thrust variations. If this were
the cause, however, we should expect to observe an
increasing frequency splitting with increasing tunnel flow
velocity, which we do not. Hence, we conclude that the
effects of vortex shedding on the vibration spectrum are
not significant.

E. Al R BODY FORMATI ON UNDER ROTOR DURI NG VRS

A peculiar phenonenon occurs as a helicopter rotor
system continuously circulates air when experiencing the
vortex ring state. A bubble of air forms under the rotor,
whi ch appears to grow and burst on a periodic basis, about
once every second. [Prouty, 1986] This periodic dissipation
causes a large scale disturbance in the surrounding flow
field. The bubble erupts, causing erratic flapping in pitch
and roll as rotor blades interact with this disturbed air.
This unsteady turbulent air can persist until the rate of
descent reaches values approximately twice the hover

i nduced vel ocity.
43



The classic Drees and Hendal [Drees, 1951] snoke video
from 1951 shows an air body that appears to form under the
rotor during operation in the vortex ring state, Figure 19.
This air body seens to accunulate energy and then
periodically burst at intervals of one to tw seconds.
Reports in the literature on VRS coment that the bursting
i nterval of approximately one second appears to be
invariant to rotor size. That is, the bursting period is
about the same for rotors regardless of size from nodel
rotors up to full scale rotors.

urpnng Aviody Goncig) Smown Aciwres

A\
(f (= \,\

Brunslany of
Arbody

|I
| T | ::'u_‘l'b"r.ly
|'| ||II ! ;II-'I -If) Giws
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Il'II .LJ,"‘-"I {1 Belorma

Figure 19. Vortex Ring State Air Body Fornation.
[From Prouty, 1986]
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The power spectrum data recorded during Goa and Xin's
experinment indicated an aerodynamc fluctuation on the
order of 1 Hz, Figure 20. This appears to coincide with the
bursting of the air body set up under the rotor during

operation in the VRS

Power
70 —— S -
Frecuency of
80 Fluctuation
40
30
2Q
y, Rotational
10
V\\‘ Frequency
o e A

0 2 4 6 8 10 12 114 18 iﬂ 20 22 24
Frequency (Hz)

Fi gure 20. Power Spectrum During a Descent. [From
Gao and Xin, 1994]

During VRS conditions in the water tunnel, the sane
flow manifestation was observed. The phenonena nmanifested
itself by periodic |arge eruptions occurring at the surface
of the water at a periodic rate of 1-2 Hz, Figure 21. The
formation of this air body, and its periodic dissipation,
appear as though it my be a three dinensional Karnman
vortex street effect caused by the rotor disk acting as a

solid body in the flow stream
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Figure 21. Periodi c Surface Disturbance During VRS.

A contrasting view of normal snooth flow is during the
autorotation profile as shown in Figure 22. It is clear
that the periodic disturbance at the surface is no |onger
present.

Note, the small dip on the top right surface of the
water in Figure 22 is due to the inconpressibility of water
and the tight operating constraints of tunnel flow area. As
flow is accelerated through the rotor system the surface
is sucked down. During autorotation the rate of descent
equals twi ce the hover induced velocity. The flow pattern
is convected around the rotor and around the disk, causing
a correspondi ng dip on the surface.
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Figure 22. Snoot h Fl ow Fi el d.

F. V- 22 BLADES

NAVAI R researcher Kurt Long at NASA Anes generously
provided blades with twist simlar to those on the V-22.
The symmetric blades used up to this point had zero tw st
(i.e., constant pitch). The V-22 blades have a high degree
of twist at the root of the blade and transition to zero
twist at the tip. These blades were installed and tested
under the sanme paranmeters as used for the symretric bl ades.
Thrust variation along the rotor blade, due to its pitch
variation, seens to affect the hover induced velocity, as
observed by the spacing of the helical vortex wake. The V-
22 bl ades, with high tw st, showed counterintuitive
di fferences when subjected to operation in the vortex ring
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state. Wake stability, affected by the thrust distribution
along the blade appears to have a large effect on the
descent rate boundary at which VRS is encountered. Wth
hi gher rotor disk |oading the boundary occurs at higher
rates of descent than for a symetric airfoil. Extensive
testing of the V-22 blades was I|imted due to tine
constraints of this project but further investigation using
the water tunnel promses to produce interesting new
results.

48



V. SCHEI MAN H- 34 FLI GHT TEST DATA

A FLI GHT DATA ANALYZED

Under the direction of James Scheiman, in 1964, NASA
Langl ey Research Center instrunented an Arny Sikorsky H 34
helicopter to obtain rotor blade |oad distribution,
fl apwi se bending nonents, chordwi se bending nonents,
harnmonic analysis of blade root notion, and section
aerodynam ¢ | oadi ng. [Schei man, 1964] Flight data are given
for hover, clinbs, aut orot ati on, and of particul ar
interest, partial rate of descent at slow airspeed.
Additionally, there are insightful corresponding pilot
comments. A conparison was made of the harnonic analysis
presented in Scheiman’s report with the harnonic analysis
of the present experinent.

In Scheiman’s study the aircraft had four rotor bl ades
and operated at the following conditions during the
selected flights listed in Table 2. Approximate gross
wei ght was 11,500 |Ibs and air density was approxinmately
0. 00216 slugs/ft?3,
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Table | Flight | Forward | Power | Vy av Pi | ot Remar ks

Airspeed | (in g | (ft/mn)

75 56 0 31. 4 1200 Rough; bl ades fl appi ng
erratically; unsteady flight

79 59 8 39.3 2100 Hel i copter tenporarily out of
control

80 59 7 40. 1 1850 | Helicopter tenporarily out of
control

84 62 6 37.4 | 2600 | Unsteady flight

4 01 0 38.5 @) Hovering in light wnd

Tabl e 2. Schei man - NASA Test Dat a.
The first four flights listed in Table 2 were

specifically chosen because of the clear indications of
operation near the vortex ring state. The remarks by test
pilots i ndi cating uncontroll ed hi gh descent rat es,
vi brations, and tenporary loss of control are all typica
results of operating in the vortex ring state. These
comments, in conjunction with the supporting flight test
data, are clear indications of operation in the vortex ring
st at e.

1. Section Aerodynam c¢ Loadi ng

Aerodynamc |oading data from hover flight are
conpared to data taken during flight in the vortex ring
state. Flight nunber 79, encountering a descent rate of
2100 feet per mnute and corresponding comments @ of
“hel i copter out of control,” is clearly encountering VRS
Data fromflight 4 are froma hover, and provide a baseline
for conparison. The term r/R is the radial distance along
the span of the rotor blade, noving radially outward. A

poi nt at r/R=0.95 is chosen to display the |oad
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distribution corresponding to blade azimuth, Figure 23.
Azimuth, y, is in degrees of blade rotation, referenced to
zero at a line extending aft along the centerline of the
tail boom 1In a hover, the distribution is snooth, except
for a dip as the blade passes over the tail boom In
contrast, the |oading associated with the VRS flight
conditions exhibits drastic variations, due to blade vortex

i nteraction.

25 ‘ —e— Flight in VRS —— Hover Flight

e

e e ™~
/ //A\ AN
" /\
25 y A\

Section Aerodynamic Loading Lb/in.

0 45 90 135 180 225 270 315
Azimuth Angle of Rotor Blade

Fi gure 23. Section Aerodynam ¢ Loading at R'R=0.95 as
Measured in Hover and VRS at 2100 Fpm Rate
of Descent.

2. Fl apwi se Bendi ng Monent

Fl apwi se bending nonent data from flights in the VRS
were conpared to data collected during hover. Point r/R =
0.575 was chosen to reduce sone of the higher harnonic
content resulting fromthe erratic flapping further out on
the bl ade. A conparison of hover data to that froma flight
in known vortex ring state conditions is shown in Figure
24. [Varnes, 1999]
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Fi gure 24. H 34 Fl apwi se Bendi ng Monent At R/ R=0.575.

Anal ysis of the flapw se bending nonment data indicate
highly erratic behavior during VRS conditions. Broadly
varying flapwi se bending nonments are evident. Conpression
of the upper surface of the blade is indicated as positive.
Ampl itude changes, as well as sharp variations between
conpression and tension of the upper surface of the bl ade
are shown for the case of VRS. Corresponding |arge blade
deflection is associated with such values. The drastic
reversal in conpression and tension indicate clearly the
many bl ade vortex encounters expected during VRS. Large
discontinuities are produced, since blade and bending
nonent is the second derivative of blade deflection, the
rate of change of the blade slope, or gradient.

3. Har noni ¢ Anal ysi s

Harnoni ¢ anal ysis of section aerodynam c | oading was
conpiled on the five flights listed in Table 2. Considering
fl apwi se and chordw se bending, the follow ng equation was

used to conpute section aerodynam ¢ | oadi ng.
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I,/ ) = La [L,cosnfy )+ M, sinny )]

L.(Ib/in)
M. (Ib/in)

The section aerodynamc loading, | () is the integral

of chordw se differential pressure per wunit span (lb/in)
over the blade section |ength. The integrand was

approxi mated as a sum over ten stations at equal intervals

over the full length of the rotor blade. L, and M, are

n
harnoni ¢ series coefficients of section aerodynam c | oading
per unit span, Ib/in. Resulting harnmonic anplitudes are
obtained by calculating the square root of the sum of the
squares of the coefficients. Figure 25 shows the resulting
harnmoni ¢ anplitudes of section aerodynam c |oading, and
conpares four flights encountering VRS to data taken in a

hover .

In the vortex ring state region extrenely abrupt
changes in airload are a result of bl ade vortex
interaction. Hi gher harnonic content is prevalent during
this period and is the principal contributor to the
aircraft vibrations. Study of Figure 25 shows that harnonic
anal ysis of the aerodynam c blade |oading nay be used to
determne the onset of the vortex ring state. There is
clearly an indication of the increase in anplitude of
hi gher harnonics as the rotor system encounters VRS. The H
34 has four blades, and we note the correspondi ng naxi mum
vibration anplitude is seen at 4P, which is four tinmes the

operating rotor speed, the blade passage frequency.
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Harmonic Analysis of Section Aerodynamic Loading - VRS Conditions
B Table 75 Flight 56 @ Table 79 Flight 59 Table 80 Flight 59 O Table 84 Flight 62
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Fi gure 25. Har noni ¢ Anal ysis (nP)

Note that Figure 25 shows significant response at all
multiples of the rotor operating frequency (1P), whereas
Figure 17 does not. This is because Figure 25 shows the
section |oading spectrum for a single blade, where Figure
17 shows the thrust spectrum for the hub, which filters the
singl e-bl ade response. Rotor blades are attached at the
root to the rotorhead and transmt vibratory responses to
the fuselage, or hub, as vibratory shears and nonents. Flap
and chordw se bending nonents produce vibratory shears at
the blade root. [Wwod, 2000] The rotor head acts like a
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filter and only allows frequencies of n/rev (the blade
passage frequency) and even nultiples of n/rev to pass

t hr ough.

The anplitude of the aerodynam c |oading gives rise to
hi gher harmonics but only 4P and 8P wll be transmtted
through the rotor systeminto the airframe. Even multiples
of 4P (i.e., 8P, 16P) will begin to appear in the fusel age
with increasing anplitude as the onset of increased bl ade
vortex interaction occurs. Lower harnonics of the blade
| oading are deened the nost preval ent but higher harnonics
can be detect ed.

A conparison of 4P and 8P harnmonics to the bl ade
passage frequency (4P) gives a quantifying conparison of
the anplitude increases, Table 3. These ratio conparisons
can be used to correlate data recorded during the water
tunnel investigation. Although, the rotor systens have
differing nunbers of blades, the ratio of the harnonics
show correlation. Conpared to hover conditions, there is a
significant increase during VRS of the higher harnonic, 8P
when conpared to the consistent blade passage frequency.
Al though, this does not take into account the increase in
4P hub vibrations due to 3P and 5P or the correspondi ng

increase in 8P due to 7P and 9P.

Hover VRS
4P(aver aged) 1.8 2.1
8P(aver aged) 0.2 0.7
8P/ 4P 0.1 0.3
Tabl e 3. Maxi mum Anpl i t udes and Conpari son of Hi gher

Har noni ¢ Magni tudes of Harnonics Listed in Figure 25.
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VI . CONCLUSI ONS

A FLOW VI SUALI ZATI ON

The original intent of +this investigation was to
produce a flow visualization video of a rotor operating in
the vortex ring state. The primary notivation was to
i nprove upon the video i mages captured by the classic Drees
and Hendal snoke video from 1951. [Drees, 1951] Filmng the
flow field on video proved difficult with the limted
filmng and lighting assets. Although, strobe |lights
operating at twice the rotational speed of the two-bladed
rotor provided superb viewing conditions. Wth further
effort, there is significant potential for capturing
val uabl e i mages on vi deo.

| mrages captured using a digital canera were extrenely
cl ear. The rotor wake vortices were captured wth
unexpected clarity. A high speed shutter setting of 1/320
second captured exceptionally clear imges of the helica
vortex wake. Such inages were only seen by the eye when
using a strobe light to illumnate the flow field.
Fortunately, the high shutter speed canera captured the

sanme i mages using just flood |ighting.

The use of Particle Image Velocinmetry should also be
considered for use to determine the flow characteristics
during VRS. Seeding the flow field with small particles and
illumnating them in a single plane would produce
interesting results. By tracing the particle notion the
velocity of the flow field can be nmpped, providing
val uabl e i nformati on about VRS fl ow.
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B. VI BRATI ON ANALYSI S

Data acquired from thrust neasurenents were analyzed
using an FFT analyzer. This revealed surprising correlation
between the water tunnel nodel and actual flight data. An
i nexpensive water tunnel experinent using a scaled nodel
produced valuable test results. O prinmary interest is the
thrust-induced vibration power spectrum These frequency
domai n data enabled a vibration analysis and identified the
presence of increased higher harnonics during VRS flow
condi tions. The data recorded generated interest to
determine if the same increase in harnonics occurred in a
full scale aircraft. Analysis of Scheiman data reveal ed

this to be true.

Har noni ¢ anal ysis of the aerodynam c | oading indicates
that higher harnonic content becones prevalent during
operation in the vortex ring state and is a contributor to
aircraft vibrations. For a two-bladed system 2P harnonic
is present in virtually all regions of flight. Higher
har noni cs, such as 4P and 6P are typically only present
during particular rmaneuvers encountering blade vortex

interaction or if the rotor systemis poorly designed.

An acceleronmeter could provide a warning to the
cockpit as higher harnonic anplitudes are detected. High
vi brational conponents to the thrust response nmay be
encountered during various flight conditions but if
experienced during a typical steep approach into landing it
may be an indicator of the proximty of the VRS boundary. A
hi gher harnmonic warning device seens worthy of further

i nvesti gati on.
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